How bright was the Big Bang? by Andersen, Christopher et al.
ar
X
iv
:1
80
1.
03
27
8v
3 
 [p
hy
sic
s.p
op
-p
h]
  4
 M
ay
 20
19
How bright was the Big Bang?
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It is generally believed that in the epoch prior to the formation of the first stars, the Universe
was completely dark (the period is therefore known as the Dark Ages). Usually, the start of this
epoch is placed at the photon decoupling. In this work, we investigate the question, whether there
was enough light during the dark epoch for a human eye to see. We use the black body spectrum
of the Universe to find the flux of photon energy for different temperatures and compare them with
visual limits of brightness and darkness. We find that the Dark Ages actually began approximately
6 million years later than commonly stated.
I. INTRODUCTION
The current model of the origin and the evolution of
the Universe is known as the hot Big Bang theory. It
states that the Universe started with a period of expo-
nentially fast acceleration known as inflation. After the
inflation, the (largely empty) Universe was repopulated
with all kinds of particles (reheating) and continued to
expand at a gradually slowing rate. As the Universe en-
larged both the density and temperature decreased, giv-
ing rise to various important processes such as the cre-
ation of asymmetry between matter and antimatter, the
formation of baryons from the excess of quarks over anti-
quarks and the subsequent formation of light nuclei. All
this happened while the Universe was not more than a
few minutes old and had a temperature of more than a
billion kelvins.1,2 At this point, electrons would still not
bind to the nuclei, and hence the Universe was filled with
free electrons, making it opaque to electromagnetic radi-
ation as the photons would be scattered by the electrons.
The Universe would continue to cool and after 378 000
years, when the temperature was about 4000K, the elec-
trons started to combine with the nuclei to form atoms.
This event is called recombination. Shortly after the re-
combination, the decoupling of photons happened, where
photons became free to travel through space unimpeded.1
Approximately 150 million years later the first stars be-
gan to form to lighten up the Universe.3,4 In particular,
the recent results of the EDGES experiment tell us that
when the Universe was about 200 million years old, it
was full of radiation provided by the first stars.5 This
epoch between recombination and the formation of the
first stars is commonly known as the Dark Ages.6
In this work, we investigate whether it is actually true
that the Universe turned completely dark right after the
decoupling of photons. To this end, we “place” a hypo-
thetical human observer into the early Universe where no
human being existed (actually, no structure more compli-
cated than atoms of Hydrogen, Helium and a few other
light elements existed) and analyze how much light her
eye would actually register. We find that even without
any additional optical devices, the observer would regis-
ter enough photons of visual wavelengths long after pho-
ton decoupling to perceive the Universe as “bright”.
An approach of presenting physical events through the
prism of a “human observer” is of course not a new one.
It is used not only in the context of popular science but
also in solid scientific works. For example, in general
relativity one may discuss the following purely academic
question: what would an observer see while falling into a
black hole? (see for example Refs.7–9). When discussing
the future of our Universe and illustrating how a con-
tinuing accelerated expansion would look like, one again
appeals to “future cosmology” in both research10–13 and
popular science articles.14–17
A lot of research and popular literature has been de-
voted to the subject of habitable planets, where one often
“depicts” how life would look like with different kinds of
suns18 including “life in the early Universe”.19–24 Other
papers about “physics via human eyes” can be found
e.g. here25–27 in part motivated by the recent movie
Interstellar.28–30
This paper takes a new step in the before-mentioned
direction. It tries to bridge a gap between an “artistic
impression” of the history of the Universe and an actual
physical picture behind it. It is therefore relevant to the
scientific audience but also to a broader audience, inter-
ested in the subject of the early Universe.
A. The human eye
The property of the human eye is to transform light
into visual pictures in the brain. Light, emitted or re-
flected by objects, is composed of photons of different
wavelengths. The human eye is sensitive to the range of
wavelengths
390 nm ≤ λ ≤ 720 nm, (1)
known as the visual part of the electromagnetic
spectrum.31 Even within the visual part of the spectrum
the sensitivity of the human eye varies and the sensitivity
function (also known as a luminosity function) describes
the fraction of light registered by the eye at different fre-
quencies. Additionally, different sensitivity functions ap-
ply under different light regimes. This is the case because
two different kinds of light receptors register the photons
when these hit the back of the eye. The firsts of these
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FIG. 1. (Color online) Sensitivity of the human eyes to light
waves of different wavelengths at bright exposure (photopic
vision) and dark exposure (scotopic vision). We used a pho-
topic luminosity function (CIE 1978 V (λ)) for the high ex-
posures and a scotopic luminosity function (CIE 1951 V ′(λ))
for the low exposures.31
are the cone cells, which give rise to cone-mediated vision.
This type of vision is dominant under bright exposures
and is also called photopic vision. Secondly, we have the
rod cells, which give rise to rod-mediated vision. Oppo-
site the photopic vision, this type of vision is dominant
under dark exposures and is also called scotopic vision.31
A sensitivity function V (λ) for the photopic and scotopic
vision is shown in Fig. 1. To complete our description of
human vision, we note that the outer layer of the hu-
man eye, called the cornea, works as a lens, focusing the
photons towards the pupil, which is a hole that allows
the light to enter the inside of the eye. The amount of
photons entering the inside of the eye is dependent on
the diameter of the pupil which varies as a function of
brightness. After entering the eye, the photons reach the
double convex lens, which again refracts the light and cre-
ates an image in the back of the eye. Finally, this image
is sent towards the visual centres in the brain through
nerve impulses.32
II. PLANCK’S LAW OF BLACK BODY
RADIATION AND BRIGHTNESS ESTIMATES
Next, we identify what one might call “see the light”.
We know that too much light will blind us while the
opposite makes our world dark. Therefore, we choose two
reference fluxes – as an upper limit we use the flux from
the Sun, making us blind in a short amount of time,33
and as the lower limit, we use dim stars which magnitudes
make them barely visible. We assume that between those
two regimes, it will thus be possible for the human eye
to detect something and at the same time not be blinded
by the light.
We assume throughout these calculations that all the
light is in the form of the black body radiation of relic
photons (that would later become the Cosmic Microwave
Background). The flux per unit solid angle per unit wave-
length is given by Planck’s law34
Bλ(λ, T ) =
2hc2
λ5
1
e
hc
λkBT − 1
. (2)
Here h is Planck’s constant, c is the speed of light, λ is
the wavelength, T is the black body temperature, and kB
is the Boltzmann constant.
Furthermore, we assume that only visual light has any
influence on the human vision, and therefore we neglect
any potential damage that high-energy radiation can do
to the vision/the observer. We thus integrate Planck’s
law between the wavelengths covering the visual part of
the electromagnetic spectrum, to obtain the radiance, Le,
Le(T ) ≡
λmax∫
λmin
dλBλ(λ, T )V (λ) (3)
where λmax and λmin are specified in Eq. (1), and V (λ) is
a sensitivity function. The subscript e denotes ’energetic’
which is a reference to radiometric quantities. Radiomet-
ric quantities are measures of the absolute quantities of
light in terms of the power of the radiation. As opposed
to this, photometric quantities, which are denoted with
the subscript v, measure the perceived brightness of light
by the human eye.35 We can also define the fraction of
radiance in the visual part of the spectrum as a function
of the temperature. This is naturally given as
f(T ) =
λmax∫
λmin
dλBλ(λ, T )V (λ)
∞∫
0
dλBλ(λ, T )V (λ)
, (4)
where the denominator is just σT 4/pi with σ being the
Stefan-Boltzmann constant. Fig. 2 shows f(T ) for differ-
ent regimes of human vision.
A. Upper limit – the Sun
The total flux, received from the Sun, is known as
the Solar constant36 F⊙ = 1365W/m
2. For our pur-
poses we should correct it by the fraction of solar en-
ergy delivered in the visible part of the spectrum, f(T⊙),
where T⊙ = 5780K is the surface temperature of the
Sun (atmospheric transmittance in the visible part of the
spectrum is known to be close to 100%, and therefore
we neglect a corresponding correction).37 Numerically,
f(T⊙) ≃ 0.3988, and in this way we obtain the following
flux from the Sun
FSun,e = f(T⊙)F⊙ = 544.4W/m
2. (5)
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FIG. 2. (Color online) log
10
(f(T )) [see Eq. (4)] for a radio-
metric, scotopic, and photopic vision.
We will choose the value (5) as an upper threshold, in-
dicating the limit between human vision and a blindingly
bright flux of light.
B. Lower limit - dim stars
What is the dimmest object a human observer can pos-
sibly see? Many works have tried to estimate or measure
this limit. The lowest possible limits are obtained when
detecting glimpsing light, as described in e.g. Refs.38–40
These estimates are not directly applicable to our case,
as the Universe darkens “slowly”, and we need to identify
the dim object discernible for the human eye over longer
time intervals. One of the ways this flux can be esti-
mated is based on humans’ ability to see dim stars. The
limiting magnitude of a star is a statistical concept that
depends upon a series of factors such as the capability
to use averted vision, the individual eye sensitivity, the
length of time the field has been observed etc. See the
discussion in Refs.41–43 In Ref.44 the limiting magnitude
is found to be 6.8, while it is meanwhile discussed that
this might be excessive to the true value. As we only
need a rough estimate for the calculation carried out in
this paper, we choose the naked eye limiting magnitude
to be 6. The flux of an object corresponding to a specific
magnitude is defined as
F1
F⊙
= 100
m⊙−m1
5 (6)
where F⊙ is the solar constant, m⊙ = −26.76 is the ap-
parent magnitude of the Sun36 and F1 and m1 are equiv-
alent quantities for an arbitrary star. Using the limit-
ing magnitude m1 = 6.0, F1 is easily calculated to be
F1 = 1.074 × 10
−10W/m2. Again, using the fraction of
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FIG. 3. (Color online) flux, Fe(T ), inside the solid angle
spanned by the human eyes, as a function of the temperature
of the Universe. The upper and lower limit fluxes are plot-
ted as reference values. The intersection between the dash-
dotted and the solid line at T = 478K marks the temperature
whereby our human observer would receive the same amount
of flux from the Universe and the lower limit flux. The inter-
section between the solid and the dashed line at T = 1544K
marks the temperature whereby this is the case for the Uni-
verse and the upper limit flux.
radiance in the visual part of the spectrum, f(T⊙), we
find the corresponding flux
Fstar,e = f(T⊙)F1 = 4.283× 10
−11W/m2. (7)
It is instructive to convert this flux into the number
of photons entering a human eye per unit time. Using
the fact that scotopic vision has its peak sensitivity at
λ ≃ 500 nm (Fig. 1), and taking the radius of the wide-
open pupil r = 4mm, we can approximately convert the
flux (7) into a number of photons via
Nphotons =
Fstar,e × 2× pir
2
hc
500 nm
≈ 11× 103 photons/sec.
(8)
The additional factor 2 takes into account both eyes.
This estimate indeed reproduces the known result that
a human eye can detect light, if an order of 10 photons
enters the eye over a time period of∼ 10−3 sec.38,45–47 We
will adopt the value (7) as our lower threshold, beyond
which the human eye cannot detect any light.
III. TOTAL DARKNESS AND TOTAL
BRIGHTNESS IN THE UNIVERSE
Having established the lower and upper limit for the
flux, registered by the human eye, we can now determine
for which temperatures the isotropic background radia-
tion from the Universe would produce the corresponding
4fluxes. For this we again use Eqs. (2) and (3) and scan
over temperatures in order to determine a range where
the flux falls between the limits (7) and (5). By mapping
this range to the age of the Universe, we will be able to
determine when the “Dark Ages” really started.
Since the radiation from the Universe is isotropic, we
imagine a human sitting inside a sphere, transparent to
visible light. Of course the human eyes do not have a
field of view of 360◦ but instead, they have an approxi-
mate field of 200◦ horizontally and 135◦ vertically.48 We
approximate this field of view by a cone with an apex
angle of 160◦. The solid angle of such an on-axis object,
having an apex angle of 2θ, is given by
Ω = 2pi(1− cos θ). (9)
Using Eq. (9) we find the solid angle covered by the hu-
man eye to be Ωeye ≃ 5.2 sr. A plot of the fluxes can
be seen in Fig. 3, where also the lower and upper limit
fluxes are plotted as references.
A. Diffuse vs. point sources
One may be concerned that our estimate of the limit
of the total darkness is overly “optimistic”. Indeed, it is
insufficient that the eye as a whole receives the necessary
amount of photons. One needs to ensure that an individ-
ual rod receives no less than a few photons to be activated
and “register” the light.38,45 Therefore, naively, instead
of the field of view of the entire eye, Ωeye, we should have
used Ω ∼ Ωstar (see e.g. the discussion in Ref.
49).
However, unlike a dim star, that spans a small field of
view and whose image is located on a particular spot of
the retina, the Universe is a homogeneous source of light
spanning the whole Ωeye. As a result, different regions of
the retina receive some amount of light simultaneously.
It is sufficient for any rod in any region of the retina to
be activated for an observer to register the light. Let us
estimate how many such regions exist in the eye based
on the available experimental data. For concreteness, we
take an experimental setup of the experiment.38 In this
experiment the source had an angular radius of 5′ and
about 500 rods were affected by its image on the retina
(of which only a few were actually activated).38 We use
Eq. (9) to determine the solid angle Ω5′ ≈ 6.6× 10
−6 sr.
The human eye has about 120 million rods.32 Therefore,
we can roughly estimate the “working” field of view as
Ωactive regions ≈
120× 106
500
Ω5′ ≈ 1.6 sr. (10)
We see that the resulting estimate is rather close to
our initial Ωeye ≃ 5.2 sr. Owing to the fact that we
are estimating the power from the exponential tail of
the Planck distribution, the difference between Ωeye and
Ωactive regions gives only logarithmic correction to the
temperature of the order of a few percents which justifies
our treatment.
B. Radiometric limits
By comparing the flux Fe(T ) to the upper limit (5),
we find that the Universe with temperatures higher than
1544K would be blindingly bright to the human eye.
Similarly, from the comparison with the lower limit (7),
we find the temperature T ≃ 478K. For temperatures
between 1544K and 478K, it would thus be possible to
see a diffuse glow, while for temperatures below 478K,
the Universe would be perceived to be completely dark
to the human eye.
C. Corrections for frequency-dependent sensitivity
of the human eye
Finally, we take into account that the sensitivity of the
human eye changes with frequency, as discussed in Sec-
tion IA. We convolve the sensitivity functions (Fig. 1)
with the Planck curve, Eq. (2), to determine more correct
limits of brightness and darkness for the human vision.
Doing this, we find that the temperature of a blindingly
bright Universe increases to 1614K while the tempera-
ture of a totally dark Universe would be below 518K.
IV. TIMELINE OF THE UNIVERSE
The temperature of the Universe is related to the cos-
mological redshift, z, via2
T = T0(1 + z). (11)
Here T0 is the present temperature of the Universe, given
by T0 = 2.7K.
2 The temperature T = 478K corre-
sponds to the redshift z ≃ 176, while the temperature
of T = 1544K corresponds to the redshift z ≃ 571. At
these redshifts, the expansion of the Universe is matter
dominated with negligible contributions from radiation
energy density and a cosmological constant. Therefore,
one can neglect the cosmological constant ΩΛ and relate
the age of the Universe to its redshift via2
t(z) =
2
3H0Ω
1/2
m,0(1 + z)
3/2
. (12)
Here H0 is the current Hubble parameter, which we take
to be H0 ≃ 67.8 km s
−1 Mpc−1. Ωm,0 = 0.308 is the
current density of matter.50 The corresponding redshifts
and ages of the Universe for the temperatures of interests
are shown in Table I.
We also represent our results in a timeline, describing
the first 150 million years after Big Bang, in Fig. 4. The
time of recombination, as well as the tentative epoch of
the formation of first stars, is also shown, making it clear
how the Dark Ages has been estimated to begin more
than 6 million years later than usually stated.
5Brightness limit Darkness limit
Temperature Redshift Age of the Universe Temperature Redshift Age of the Universe
Radiometric 1544 K 571 1.3× 106 yr 478 K 176 7.4× 106 yr
Photometric 1614 K 597 1.2× 106 yr 518 K 191 6.5× 106 yr
TABLE I. Limits of total darkness and a blindingly bright Universe. Photometric units additionally take into account the
sensitivity functions of the human eyes. It is seen that the photometric modification only changes the results slightly.
Photometric vision
106105
Big Bang
t = 0
108107
Recombination 
t = 378.000 yr
T = 4000 K
z = 1100
Limit of brightness
t = 1.2 Myr
T = 1614 K
z = 597
Formation of first stars
t = 150 Myr
T = 60 K
z = 20
Limit of darkness
t = 6.5 Myr
T = 518 K
z = 191
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6.5 Myr < t < 150 Myr
FIG. 4. (Color online) A logarithmic timeline of the Universe from Big Bang to the formation of the first stars. Limits of
brightness and darkness (taking into account the frequency-dependent sensitivity of the human eyes), as well as the span of
the Dark Ages, is shown.
V. DISCUSSION
In this paper, we analyzed the (admittedly purely aca-
demic) question about the start of the cosmological epoch
known as the “Dark Ages”. It is customary said that the
Dark Ages began right after the hydrogen recombina-
tion was complete and photons traveled freely through
the Universe. By placing a hypothetical observer in the
early Universe, and using a human eye as a proxy of the
“light detector”, we argued that the Universe did not be-
come completely dark until it had cooled down to the
temperature T ∼ 500K – some 6 million years after the
recombination!
We also determined when the brightness of the Uni-
verse would become “tolerable” for the human eye. It
turns out that this happened when the Universe cooled
down to T ∼ 1600K – about the temperature of a burn-
ing candle.
We see from the results, visualized in Fig. 4, that the
period of the Dark Ages, found in this paper, lies be-
tween photon decoupling and the formation of the first
stars, which is in accordance with the general cosmologi-
cal theory. We see that the Universe was still blindingly
bright after the recombination and only became ‘toler-
able’ to the human eyes when it was ∼ 1 million years
old. The Dark Ages lasted from ∼ 6− 150 million years
preceded by the “visibility window” - when the human
eye would be able to register just enough light to perceive
the Universe as neither too bright nor too dim.
Throughout this paper, we have used a series of as-
sumptions to determine the two limits of vision. These
assumptions affected that only order-of-magnitude calcu-
lations were possible but at the same time made it fea-
sible to actually carry out reasonable calculations. One
of the main challenges behind human vision is that the
perception of light is a complex process, in which it is
close to impossible to set clear limits for the minimum
amount of light needed to see something and the amount
of light that would blind the human eye. This is a pro-
cess which is not only effected by the amount of photon
energy received per unit time but also a process influ-
enced by internal processes in the eye, determining the
amount of photon energy, actually converted into visual
perception.
Finally, we note that even though more refined as-
sumptions might have led to more precise limits, current
ambiguity about exactly how long the Dark Ages lasted,
because of the uncertainty concerning when the first stars
were formed, makes more precise limits more or less irrel-
evant. Hence the correction of the beginning of the “Dark
ages” by about 6 million years (from about 400 000 to 6.5
million years after Big Bang) is irrelevant on the larger
6timescales concerning the duration of the Dark Ages but
is still a major improvement in pinpointing an outset of
this epoch.
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